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†Institut Supeŕieur de l’Aeŕonautique et de l’Espace (ISAE-SUPAERO), Universite ́ de Toulouse, 31055 Toulouse Cedex 4, France
‡Laboratoire des IMRCP, Universite ́ de Toulouse, CNRS UMR 5623, Universite ́ Paul Sabatier, 118 route de Narbonne 31062
Toulouse Cedex 9, France
ABSTRACT: The behavior of highly concentrated aqueous
solutions of two thermoresponsive polymers poly(N-isopro-
pylacrylamide) (PNIPAm) and poly(N-vinylcaprolactam)
(PVCL) have been investigated by terahertz time-domain
spectroscopy (THz-TDS). Measurements have been per-
formed for concentrations up to 20 wt %, over a frequency
range from 0.3 to 1.5 THz and for temperatures from 20 to 45
°C including the zone for lower critical solution temperature
(LCST). THz-TDS enables the study of the behavior of water
present in the solution (i.e., free or bound to the polymer).
From these measurements, in addition to phase transition
temperature, thermodynamic data such as variation of enthalpy
and entropy can be inferred. Thanks to these data, further
insights upon the mechanism involved during the dehydration phenomenon were obtained. These results were compared to the
ones issued from dynamic light scattering, spectroscopy, or microscopy techniques to underline the interest to use THz-TDS as a
powerful tool to characterize the behavior of thermoresponsive polymers in highly concentrated solutions.
1. INTRODUCTION
Water-soluble polymers which have the ability to reversibly
hydrate and dehydrate by simply changing the solution
temperature have attracted signiﬁcant attention since 1990.1
Indeed, these materials can ﬁnd applications in ﬁelds as various
as drug delivery, sensing, catalysis, nanoelectronics, and so
forth.2 Poly(N-isopropylacrylamide) (PNIPAm) is by far the
most commonly studied thermoresponsive polymer.1 This
preference is mainly related to its transition temperature
around 32 °C, close to the body temperature and almost
completely independent of the polymer chain length.3 Among
the other families of polymers presenting a transition
temperature value close to the physiological temperature is
poly(N-vinylcaprolactam) (PVCL),4,5 also interesting for its
moderate toxicity.
The transition temperature of these polymers corresponding
to the solubility limit (i.e., when the solution becomes turbid) is
called the “cloud point temperature” Tc. When Tc corresponds
to the minimum observed on a temperature vs concentration
phase diagram, it is also named the “lower critical solution
temperature” (LCST). On these phase diagrams, diﬀerent
behaviors can be distinguished between the families of
thermoresponsive polymers, depending on the evolution of
the cloud point with the polymer molar mass (type I or II)3−6
and on the number of critical points (type III).7
Studying phase transition of thermosensitive polymers is
crucial to their use, and this phenomenon is observable by
monitoring the changes resulting from the modiﬁcation of
temperature at diﬀerent length scales. First, the coil-to-globule
conformational modiﬁcation of the polymer in solution when T
is increased above Tc induces changes at a macroscopic or
microscopic scale. Thus, the behavior of these polymers in
dilute solutions can be easily monitored optically by UV−
visible spectroscopy,8 turbidimetry,6 and ﬂuorescence spectros-
copy,6,9 whereas small angle neutron scattering (SANS),10
nuclear magnetic resonance (NMR),11 and dynamic light
scattering (DLS)12 provide information on the size and the
mobility of the polymer. Nevertheless, studying the behavior of
these polymers in highly concentrated aqueous solution appears
as a more challenging task as most of these techniques are
poorly adapted to such conditions. Diﬀerential scanning
calorimetry (DSC) enables monitoring of the macroscopic
heat ﬂow exchanged by a polymer solution with a source during
phase transition which is correlated to enthalpy variation
associated with polymer−water reactions.5,13 The reorganiza-
tion of the solvent and solute during the transition can also be
probed by infrared spectroscopy. Hence, a change of the self-
dissociation constant of water molecules in the vicinity of
PNIPAm was reported, revealing a diﬀerent solvent behavior
depending on the presence of interactions with the polymer
chain or with other water molecules.14 Infrared spectroscopy
results were also extended to the measurement of the polymer’s
C−H stretching evolution during phase transition for both
PNIPAm and PVCL.15
Most of the previously mentioned techniques use the solute
itself to probe its environment. However, the observed
behaviors are far from simple; this is why more recent works
enlarged the insights into the hydration dynamics of the
macromolecules during their phase transition by directly
studying the solvent in itself.16 To go further into this way,
characterization methods sensitive to hydrogen bonds and
collective motions in water are needed. Microwave and
terahertz (THz) dielectric spectroscopies have the ability to
address such topics. Microwave dielectric spectroscopy is a now
popular method, since polar solvents present dielectric
relaxations in this frequency domain.17 On the other hand,
since benchtop THz spectrometers are now available, THz
dielectric spectroscopy is experiencing a very fast rise. THz
waves belong to one of the most unexplored spectral ranges,
between 0.3 and 10 THz (wavenumbers between 10 and 333
cm−1 or wavelengths between 1 mm and 30 μm). Owing to the
nature of THz waves which are very sensitive to subpicosecond
processes and with the possibility to observe collective
motions,18,19 THz spectroscopy is particularly adapted to the
analysis of water, as it presents a strong absorption coeﬃcient
over a large spectral window.20 This absorption is intrinsically
due to the water molecules’ organization; therefore, this
method is sensitive to any solute that could perturb or change
the water behavior. As a consequence, the hydration of small
molecules,21 and mostly biologically relevant macromolecules,
has already been studied.14,22−25 Since thermosensitive phase
separation is related to a change of hydration of polymer chains,
THz spectroscopy is potentially suitable to monitor this
phenomenon. Concerning PNIPAm, ﬁrst studies in this
spectral range were based on far-infrared spectroscopy26 and
more recently on attenuated total reﬂection THz time-domain
spectroscopy.27 In addition, microwave dielectric relaxation
spectroscopy has also been used to study the hydration
properties of PNIPAm28,29 and PVCL.30 Polymer solvation
issues are typically addressed according to the temperature
domains considered.
For temperatures below the cloud point temperature
(namely, the “hydrophilic domain”), the organization of the
solvent is considered to vary from “bulk water”, far from the
macromolecule, to “solvation water”, close to the polymer. The
contribution of this hydration layer to the absorption has been
described as more complex than an ice-like approach, and
needs deeper understanding as inter- and intramolecular
hydrogen bonds are stronger close to the polymer−water
interface, creating a blue shift and a behavior closer to cooled
bulk water.31,32 Interestingly, in order to get more information
about this layer, one has to work on highly concentrated
aqueous solution. Consequently, compared to most commonly
used techniques that were best adapted for diluted solutions,
THz spectroscopy is particularly adapted to the study of
concentrated polymer solutions. Above the temperature-
induced demixing process, the main question will be to know
how many free water molecules remain in the collapsed phase
in addition to residual water directly bound to the solute.
Finally, there is presently a lack of information to link routinely
used techniques characterizing LCST phenomena to THz
spectroscopy. In this work, we therefore investigate the
behavior of aqueous solutions of two thermosensitive polymers,
PNIPAm and PVCL (Figure 1), by transmission terahertz time-
domain spectroscopy (THz-TDS).
With a simple model of the dielectric properties of the
solutions, we investigate to which extent THz spectroscopy
enables conﬁrming but also obtaining complementary results to
the ones issued from most commonly used techniques. For this,
we analyze the behavior of samples with diﬀerent molecular
weights, with mass fractions between 1 and 20 wt %, at
temperatures from 20 to 45 °C, and over a frequency range
from 0.3 to 1.5 THz.
2. MATERIALS AND METHODS
2.1. Sample Preparation. A set of three diﬀerent number-
averaged molar masses (2, 7, and 20 kg mol−1, noted P2k, P7k,
and P20k, respectively) of PNIPAm polymer was selected. P2k
and P7k were commercially available (Aldrich), while P20k and
PVCL with a number-averaged molar mass of 60 kg mol−1,
noted PVCL60k, were available from previous studies.6,33 To
compare the samples, we have chosen the temperature
independent mass fraction WP of polymer in the solution as
deﬁned in eq 1
=W m
m
P
P
T (1)
with mP being the mass of polymer and mT the total mass of the
solution. Aqueous solutions of diﬀerent mass fractions (5, 10,
15, and 20 wt % for PNIPAm and 1 and 20 wt % for PVCL)
(Table 1) were obtained by dissolving the appropriate amount
of polymer in ultrapure water (Aquadem ρ = 18 MΩ·cm−1).
The names of the sample reﬂect the chain length and the mass
fraction; for example, PNIPAm (7 kg mol−1) with a
concentration of 10 wt % is called P7K10.
2.2. Variable Temperature Terahertz Time-Domain
Spectroscopy. Transmission measurements were performed
on a Tera-K15 Kit THz-TDS setup from MenloSystems GmbH
equipped with a Linkam THMS600 temperature controlled
sample holder. THz absorption spectra of water-free polymers
were recorded on neat polymer pellets. Solutions were put into
Figure 1. Chemical structures of PNIPAm and PVCL.
rectangular fused 300 μm thick silica capillary tubes from
Vitrotubes, thin enough to work in transmission mode (Figure
2). An empty capillary tube was used as a reference. The setup
was placed in a dry atmosphere tank with a relative humidity
(RH) lower than 5% in order to remove water vapor
absorption. Samples were heated and then cooled with a heat
ﬂow of 1 °C/min over a temperature range depending on the
polymer (20−40 °C for PNIPAm, 25−45 °C for PVCL). For
each experimental point, a plateau of 10 min at constant
temperature was set. We used the ﬁrst 90 s to let the solution
stabilize thermally.
2.3. Parameter Extraction and Data Analysis. A
measurement provides a time-domain pulse signal of several
picoseconds proportional to the wave electric ﬁeld. It is then
possible to obtain two frequency-dependent data: the real part
of the complex refractive index n( f) and the absorption
coeﬃcient α( f) (in cm−1) of the solution. By switching in the
frequency domain, optical parameters n( f) and α( f) were
obtained from the magnitudes and phases of Fourier transforms
of the signals in the frequency domain. In addition, the time-
domain signals were truncated after the ﬁrst main pulse to
remove Fabry−Perot artifacts due to multiple reﬂections at
window interfaces (Figure SI2.1). Three measurements for each
sample were performed and averaged, and for the reference as
well. Parameters extraction was made with the software
Teralyzer from Lytera. The system characteristics allowed us
to extract the absorption coeﬃcient α over a range of 0.3−1.5
THz for each sample. As an example, a sample of ultrapure
water was analyzed and our results were consistent with the
literature (Supporting Information, section 3).
An “ideal” absorption coeﬃcient αideal (or “two-component
model”) was obtained by adding the contribution of both pure
components weighted by their mass fractions (eq 2)30
α α α= +f T W f T W f T( , ) ( , ) ( , )ideal H O H O P P2 2 (2)
where WH2O stands for the water mass fraction as deﬁned in eq
1. αH2O( f, T) and αP( f, T), expressed in cm−1, are the
absorption coeﬃcients, respectively, of pure water and pure
polymer at temperature T and frequency f. Eventually, to the
experimental αobs was subtracted αideal. This diﬀerence is labeled
Δα (eq 3).
α α αΔ = −f T f T f T( , ) ( , ) ( , )obs ideal (3)
3. RESULTS
3.1. Study of PNIPAm Solutions at 25 °C. In this work,
we will focus on the absorption coeﬃcient which provides more
contrast with temperature than refractive index. THz-TDS
measurements were performed on the diﬀerent samples
involving both PNIPAm and PVCL polymers (Figure 1). The
Table 1. List of Sample Names
polymer
Mn theory (kg mol
−1)
(Đa)
mass fraction
(wt %) sample names
PNIPAm 2 (1.2) 20 P2k20
PNIPAm 7 (2.2) 5 P7k5
10 P7k10
15 P7k15
20 P7k20
PNIPAm 20 (1.3) 5 P20k5
10 P20k10
15 P20k15
20 P20k20
PVCL 60 (1.2) 1 PVCL60k1
20 PVCL60k20
aPolydispersity index Đ = Mw/Mn, with Mw being the weight-average
molar mass and Mn being the number-average molar mass.
Figure 2. THz-TDS setup used in this study.
Figure 3. (a) Absorption coeﬃcient from samples P7k5, P7k10, P7k15, and P7k20 compared to bulk liquid water and dry P7k at 25 °C. (b)
Absorption coeﬃcient at 0.8 THz vs polymer concentration (experimental results at 25 °C for P7k (red ■) and P20k (blue ▲)); black ● represent
calculated results assuming an ideal two-component model from eq 2 for both P7k and P20k, as their coeﬃcient in the dry state has the same value.
The 0.8 THz frequency was chosen for its better signal-to-noise ratio. Lines are guides for the eyes.
inﬂuence of polymer concentration on the absorption
coeﬃcient was ﬁrst examined on a single polymer, namely,
P7k. Besides, pure liquid water was also studied, as well as
pellets of dry P7k. The absorption coeﬃcient was inferred from
the initial spectra and is reported in Figure 3a. As expected, the
absorption coeﬃcient decreased as the polymer concentration
increased (Figure 3a). Figure 3b shows the absorption
coeﬃcient at 0.8 THz vs polymer concentration. Calculated
results for the ideal two-component model are also reported on
the same graph. The diﬀerence Δα between the observed and
calculated absorption coeﬃcients is the signature of the
polymer/water interaction. Its variation vs the nature of the
polymer and the temperature (at a given frequency and
concentration) was thus subsequently investigated.
3.2. Characterization of the Phase Transition for
PNIPAm and PVCL. THz-TDS measurements were per-
formed on 20 wt % solution of PNIPAm with diﬀerent molar
masses while the temperature was increased from 20 to 40 °C.
The absorption coeﬃcient at 0.8 THz is reported for the
diﬀerent polymers as a function of temperature in Figure 4a.
For all PNIPAm samples, the relation between the absorption
coeﬃcient and the temperature exhibits a sigmoidal shape due
to the phase transition occurring at the cloud point. The
inﬂection point of this curve was used to determine the cloud
point value (Supporting Information, section 4). Tc was found
at 32.1, 32.2, and 31.3 °C on heating for P2k20, P7k20, and
P20k20, respectively, and thus is independent of the polymer
length. The same experiments performed in the case of PVCL
enabled the determination of a characteristic temperature of
36.4 °C on heating. In the literature, PVCL has been shown to
exhibit a “classical” Flory−Huggins thermoresponsive phase
behavior in water,4 with the position of the critical point
depending on the concentration and chain length. As a type I
polymer, in a temperature vs concentration phase diagram, this
critical point shifts to a lower polymer concentration value as
the chain length increases. It eventually tends to a zero
concentration if the molar mass goes to inﬁnity while the
critical temperature transition tends to the so-called “θ
temperature” (this Θ state represents the critical point at
which the polymer chain exhibits its lowest dimension while
remaining soluble).
Measured temperatures on cooling were found at 28.8, 30.8,
31.1, and 34.6 °C for P2k20, P7k20, P20k20, and PVCL60k20,
as shown in Figure 4. A small hysteresis was observed which is
inherent to the hydration process of thermoresponsive
polymers.3 Comparing the shape of the curves in Figure 4a
and b already provides interesting information. Whereas the
evolution of α with the temperature for PNIPAm clearly
exhibits a sigmoid shape, this is not the case for PVCL,
presenting only a small mark through LCST. Before going
further into THz analysis, this is already proof that both
polymers do not exhibit the same dehydration process.
The variation of Δα vs the nature of the polymer and the
temperature (at a given frequency and concentration) was then
used to investigate the signature of the polymer/water
interaction. Two samples of PNIPAm and PVCL with an
equal mass fraction of 20 wt % (P7K20 and PVCL60K20) were
compared. Results are reported in Figure 5 at 0.8 THz.
Whereas a sharp transition was exhibited by PNIPAm around
32 °C, a quasi-constant smooth evolution of the VCL
monomer contribution to the absorption properties of the
sample was observed (lower than the uncertainty of the
instrument). This observation has also been reported by Hou et
al. with Fourier-transformed infrared spectroscopy (FTIR)
measurements.15 This result is related to the diﬀerent phase
transition mechanisms for these two polymers. It is likely that
during the phase transition there was a signiﬁcant water
reorganization around PNIPAm, while in PVCL the reorgan-
ization occurred gradually for temperature T > Tc.
6 This
diﬀerence is mainly ascribed to the ability of monomers from
PNIPAm to interact through hydrogen bonding after
Figure 4. Comparison of absorption coeﬃcient for (a) diﬀerent chain lengths of PNIPAm and (b) PVCL at 0.8 THz and for a constant mass fraction
of 20 wt % during the heating process. Lines are guides for the eyes.
Figure 5. Contribution of the solvation water to Δα per monomeric
unit for PNIPAm P7K and PVCL 60K at 20 wt %, during the heating
process. Values presented here are calculated from eq 7 at 0.8 THz.
Lines are guides for the eyes.
dehydration. In the case of PVCL, such an interaction is no
longer possible: the collapse of the polymer chains generates
mesoglobules stabilized against further aggregation via the
hydrophilic surface. Upon increasing temperature, this structure
can further expel water molecules, progressively leading to the
formation of aggregates of increasing size. This two-step
dehydration phenomenon is also evidenced on thermograms
where transition peaks present a highly asymmetric proﬁle.6 Δα
is therefore an excellent parameter, showing the existence of the
LCST, even on systems which do not present a clear sigmoidal
evolution of α. It also has the ability to enlighten diﬀerent
transition mechanisms.
3.3. Study of the Solvation Water Bound to the
PNIPAm Molecule. As already explained, around the LCST,
the polymer chain/water interaction is modiﬁed, leading to a
local then generalized dehydration process, producing a
macroscopic precipitation. Necessarily, this phenomenon
happens with a decrease of the number of water molecules
around each monomer unit. Therefore, analyzing hydration
dynamics and determining the hydration number is also
relevant for the characterization of the process.
However, it is hard to separate the solvation shell layer from
the bulk water without any hypothesis. Because the PNIPAm
hydration number at T < Tc is better described in the literature
than PVCL and because P7K samples exhibited a linear
behavior on α vs the mass fraction graph for W ≤ 15 wt %
(Figure 3b), we will focus on samples P7K5, P7K10, and
P7K15 to propose a methodology to study the solvation water
for the diluted regime. The structuration of water by the solute
deﬁnes a new type of behavior of the water molecule, diﬀerent
from the bulk one and responsible for the modiﬁed absorption
compared to the simple addition of the two-component
contributions (Figure 3b). This result has already been
observed by THz spectroscopy of the aqueous solution of
biomolecules.16,25,34 This leads to distinguishing two kinds of
water for analyzing data (eq 4)
= +W T W T W T( ) ( ) ( )H O B S2 (4)
where WB and WS stand, respectively, for bulk water and
solvation water, and the mass conservation is given by eq 5.
= + +W T W T W1 ( ) ( )B S P (5)
Thus, a three-component model is used for αobs, given by eq
6
α α α
α
= +
+
f T W T f T W T f T
W f T
( , ) ( ) ( , ) ( ) ( , )
( , )
obs B B S S
P P
(6)
The diﬀerence Δα between the two models is given by eq 7:
α α αΔ = −f T W T f T f T( , ) ( )( ( , ) ( , ))S S B (7)
We assumed that the contribution of the polymer is identical
to the dried polymer one. In the literature, the hydration
number Nh of the PNIPAm molecule is commonly estimated
between 8 and 13.28,35,36 We thus used an averaged Nh = 11
water molecules per monomer NIPAm at T < Tc as the
hypothesis. Then, the mass fractions of both solvation water WS
and bulk water WB in the solutions were estimated by using eq
8 and the conservation of the mass
=
⎡
⎣⎢
⎤
⎦⎥W T N T
M
M
W( ) ( )S h
H O
IPAm
P2
(8)
where M are molar masses in g mol−1. Once WS is known, the
absorption coeﬃcient of the solvation water can be obtained
from eq 7:
α α α= Δ +f T f T
W T
f T( , )
( , )
( )
( , )S S
B
(9)
In the same manner, the solvation water spectrum was
estimated at T = 20, 25, and 28 °C during the heating process,
as we observed a stable hydration dynamics in this temperature
range for PNIPAm (Figure 5). From these results, we assumed
a linear evolution of the absorption coeﬃcient of the solvation
water when the temperature increased (Figure S12). After this
step, the solvation water absorption coeﬃcient for higher
temperature was extrapolated with linear regression (Figure
S13).
Finally, the solvation water mass fraction at temperatures
higher than the cloud point was estimated from the
extrapolated absorption coeﬃcient of the solvation water (eq
9). Then, an estimation of the hydration number Nh was carried
out for the heating (eq 10).
=N T M
M
W
W
( )h
IPAm
H O
S
P
2 (10)
The results show that ca. 3 water molecules were expelled
from the polymer solvation shell of PNIPAm (Figure 6). As
shown in Figure 5, PVCL is less sensitive to the temperature
variations; therefore, the variation of the hydration number
cannot be reached accurately. The evolution of the hydration
number at a temperature higher than the cloud point is still
challenging.37 However, our results show that a substantial
quantity of water molecules remains bound to the polymer after
the phase transition, close to the ﬁve expelled water molecules
per NIPAm monomer reported in the literature.36 PNIPAm has
been reported to have a diﬀerent behavior than its monomer
Figure 6. Hydration number for polymer P7k in aqueous solution
concentrated at W ≤ 15 wt %, based on a hypothesis of Nh = 11 until
T = 28 °C before the phase transition (Supporting Information,
section 5). At a given temperature, we calculated Nh from the
absorption coeﬃcient αi
obs observed at each frequency data point from
0.3 to 1 THz, where i is P7k5, P7k10, or P7k15, respectively. Because
the hydration number does not vary highly with mass fraction and
frequency, we represent the average value of all Nh results from the
three studied samples at each temperature T > 28 °C. Error bars
represent the standard deviation at 1 sigma. Lines are guides for the
eyes.
unit regarding hydration dynamics,37 suggesting a stronger
inﬂuence on the water network of the polymer chain.
4. DISCUSSION
Several points are noteworthy regarding the method proposed
in this work. First, compared to other studies of the literature,
the THz spectrometer used is commercially available, with its
drawback being a limited spectral range of analysis (0.3−1.5
THz due to a simple transmission setup allowing an easier
extraction of the absorption coeﬃcient). Indeed, water is
known to exhibit absorption bands at 6 and 20 THz, which
have been respectively attributed to hydrogen bond stretching
vibrations and hindered rotational motions (Figure S3).16
Interestingly, the band at 6 THz has been shown to be the
signature of stretching motions of the ﬁrst shell of hydration by
ab initio molecular dynamics (AIMD).39 It would therefore
appear as more relevant to characterize solvation processes by
analyzing the evolution of these bands. This has been done by
Havenith’s team in a very eﬃcient manner, leading, for instance,
to characterization of glycine or protein solutions. To be more
speciﬁc, ref 39 emphasized the inﬂuence of the radius of the
hydration shell to the far-IR absorption of solvated water
molecules, and compared it to bulk water. This however implies
the use of THz sources that cannot be easily commercialized at
this point. Our study shows that, even with a basic THz
spectrometer, some information can be gathered, even if it is
not as thorough as those obtained from advanced spectrom-
eters. The reason for this can be attributed to the fact that the
THz water spectrum around 2.4 THz is mainly governed by a
motion of the second hydration shell, providing an important
contrast with bulk water at this frequency.38 It can be assumed
that the signature of this motion extends up to lower THz
frequencies, leaving traces at the THz range studied here. It
means that the water molecules that we are able to detect in our
work are mainly those located in the hydration shell as a whole,
without discrimination of the precise position of water
molecules from the polymer, and the absorption coeﬃcient
of the solvation water is expected to be lower than the bulk
water one in the frequency range reported in this study,38
which is consistent with our results. Since THz spectroscopy
probes the state of water molecules in the hydration layers, the
importance of concentration is pertinent. Indeed, Havenith has
shown that the THz absorption coeﬃcient behavior of a
biomolecule solution ﬁrst cannot be simulated by a simple two-
component model and that it highly depends on its
concentration. Figure 3b also illustrates this, with the upper
points being the two-component model. Regarding the
inﬂuence of concentration, Havenith showed that, whereas a
linear dependence of the absorption coeﬃcient against
concentration has been observed for diluted solutions,
deviation from linearity is observed for concentrated ones.
This has been explained by the overlapping of hydration shells
for high concentrations.16 In our case, the plateau obtained for
the variation of αobs in Figure 3b could be attributed to this
behavior. Overlapping of the hydration shell should be
corroborated to the critical overlap concentration C* of
polymer chains,39 which is deﬁned as
π
* =C M
R N
3
4
w
g
3
A (11)
with Mw being the weight-averaged molar mass, Rg its radius of
gyration, and NA Avogadro’s number and C* units being g·L
−1.
For P7k, this concentration C* can be estimated around 131 g·
L−1, corresponding to a mass fraction of PNIPAm of W* = 12
wt % assuming a radius of gyration in water at 20 °C of 2.9
nm.40 For P2k, W* is estimated around 22 wt % and was
therefore not reached under our conditions. Finally, in the case
of P20k, W* is estimated around 6 wt %. These results perfectly
ﬁt with the mass fraction inﬂuence on the absorption coeﬃcient
in Figure 3b.
4.1. Comparison of THz-TDS to Other Techniques for
Studying LCST. The second point that can be discussed is the
comparison of LCST determination by THz spectroscopy
compared to other routinely used techniques, such as DLS,
DSC, or turbidimetry. As presented above, the determination of
cloud point temperatures was performed from the graph
reporting absorption coeﬃcient as a function of temperature.
The obtained values are in good agreement with the ones
reported in the literature.3 A comparison of THz and DSC
values is provided in the Supporting Information (Table S1). It
is noteworthy that, in Table S1, the cloud point was determined
by DSC using the top of the peak corresponding to the
transition. All results are consistent, with the maximum
diﬀerence between both techniques being less than 2.5 °C.
This shows that DSC and THz spectroscopy lead to the same
characterization of the process at a similar time scale. Indeed, as
already explained, THz provides information on the solvation
in the ﬁrst two hydration layers. This is very local information
and modiﬁcation of this layer may start early in the process, but
a critical ratio of modiﬁed interaction has to be reached before
detection by the method. On the other hand, DSC analyzes the
energy provided by the breaking of hydrogen bonds. This is
also very local and starts early in the transition process.
Measuring the position of the transition from the maximum of
the peak reveals the time when the phenomenon is at its
maximum. Diﬀerences between both techniques are however
linked to the speed of analysis. DSC is routinely performed
using a temperature ramp which has to be regular, even if slow.
No plateaus can be made on the ramp, since this would lead to
artifacts on the thermograms due to stabilization of the
instrument. This is why several temperature programs were
used here in DSC at diﬀerent rates, followed by the
extrapolation at zero speed.
For THz spectroscopy, the situation is reverse. The
temperature during spectrum recording should be stable, and
therefore, temperature programs with a plateau at each
temperature were used (Supporting Information, section 4.1).
The small diﬀerence between DSC and THz results might be
attributable to this method diﬀerence.
Supporting Information sections 4.3 and 4.4 also provide the
characterization of the polymer solution LCST by turbidimetry
and DLS, respectively. Turbidimetry showing the absorbance of
the solution as a function of temperature highlights speciﬁc
problems of the method when dealing with concentrated
solutions. A strong hysteresis was observed for all solutions
(Figure S10), owing to the slow response of aggregates in
concentrated solutions to rehydrate and redissolve. This is
expected for concentrated solutions of PNIPAm owing to the
existence of possible intramolecular hydrogen bonds. DLS on
the other hand measures the scattered intensity ﬂuctuation of
the solution. From these, the intensity of the scattered light is
measured and the size of the scattering object evaluated.
Typical results are presented in Figure S11. On these, the size
was observed to strongly increase around 26 °C, but the
analysis became erratic and not satisfactory. This is not
surprising, since DLS can only analyze solutions of non-
ﬂocculating objects, the size of which should not be larger than
a few hundreds of nanometers. For turbidimetry and DLS, the
values of Tc were found to be lower by a few degrees (typically
2−3 °C), either on heating or cooling, compared to those
obtained by THz-TDS and DSC. This behavior is expected
using DLS, since the presence of only a few aggregates will be
detected by the technique, with the scattered intensity being
linked to the molar mass of the scattering object to the power
of 6. Turbidimetry is also based on light scattering, since this is
at the basis of transmittance decrease. Therefore, it also shows
the LCST process at a very early timing. Interestingly, whereas
determination of cloud point by using DSC peak tops matches
that found by THz spectroscopy, the use of DSC peak onsets
matches the results found by turbidimetry and DLS.
Microwave and THz dielectric spectroscopies are particularly
suitable to study highly concentrated aqueous solutions.
Indeed, since they are sensitive to collective motions of water
molecules, they are strongly absorbed by the solvent. The study
of highly concentrated solutions (containing less water) allows
obtaining a better signal-to-noise ratio while keeping a good
sensitivity to the presence of hydration water. PNIPAm has
been especially investigated by Füllbrandt et al.29 in the
microwave spectral band, which shows two dielectric
relaxations, one around a few MHz corresponding to
reorientation of hydrated polymer dipoles and a second around
19−20 GHz corresponding to the reorientation of water
molecules. They estimated a number of 5 molecules per
monomer unit released during the LCST. With a simple model
based on the absorption coeﬃcient of the solution, this work
estimates that 3 molecules are released at LCST with THz-
TDS; this result is coherent with the literature where 2.5
molecules41 or 3.5 molecules with ATR THz-TDS and a model
based on the bulk water behavior.27 Eventually, it is interesting
to note that the chain length has no signiﬁcant eﬀect on the
observed cloud point of the PNIPAm polymer. This is
consistent with the literature showing that the PNIPAm
molecule exhibits a type II behavior.3 Type II thermoresponsive
polymers necessitate the introduction of a strong, concen-
tration-dependent polymer−solvent interaction function in the
expression of the Flory−Huggins theory. The position of the
critical point in a temperature vs concentration phase diagram
does not shift to 0 with increasing molar mass and is almost
independent of the polymer chain length.3 This is also
consistent with dielectric spectroscopy results of Füllbrandt et
al.29
4.2. Determination of Thermodynamic Parameters.
For this, the analysis of α vs T was performed for PNIPAm 7k
at 15 wt % in H2O. The variation of the coeﬃcient α with
temperature is a signature of the thermal sensitivity of the coil
to globule transition. In order to extract the variation of
enthalpy involved at the transition, a numerical analysis has
been carried out. As this variation of enthalpy can also be
reached from the DSC experiments, a comparison between
THz spectroscopy and DSC analysis will be performed. As the
experiment is reversible, the coil to globule transition has been
assumed to obey a simple equilibrium, i.e.,
← → +− qC(H O) G(H O) H On n q2 2 2
where C is a fully hydrated coil and G a partially hydrated
globule, n the number of solvated water molecules per coiled
monomer unit, and q the number of water molecules released
into the bulk after the C to G transition. According to the
Gibbs free energy law, we have
Δ = Δ − Δ = −G H T S RT Kln0 0 0 (12)
where ΔH0 is the standard enthalpy of the reaction, S the
entropy, R the gas constant, T the temperature, and K the
equilibrium constant. The observed variation of α vs T is
related to the variation of K as stated by
α α α= +
+
K
K1
1 2
(13)
where α1 and α2 are the values reached by α when K tends to
∞ and K tends to 0, respectively. Due to the presence of these
unknown scaling factors, the equilibrium constant K cannot be
deduced straightforwardly from the simple observation of the α
vs T diagram. A speciﬁc numerical technique based on a double
derivative must be used (Supporting Information, section 6).42
This technique allows the determination of the thermodynamic
parameters ΔH0/R and ΔS0/R. For PNIPAm 7k at 15 wt % in
water: ΔH0/R = (2.3 ± 0.3) × 104 K and ΔS0/R = 75 ± 10.
From these values, the transition temperature can be estimated
at 302 ± 2 K. In the same way, the enthalpy of the endothermic
C to G transition is 27.3 J·g−1 from (ΔH0/R) × R/Mw, where R
is the gas constant and Mw the molecular weight of the
polymer.
The entropy ΔS0/R is positive, indicating that the system is
less ordered after the transition. However, it is likely that there
is compensation between the gain of order of the polymer
during the C to G transformation and the gain of disorder when
some hydration water molecules are expelled to the bulk. Figure
7 illustrates the validity of the data analysis that has been used
for the determination of the thermodynamic parameters. In
order to allow the comparison between THz spectroscopy and
DSC, Table 2 gathers the various enthalpies and LCST of the
PNIPAm C to G transition as they can be found in the
literature or extracted from the provided data. Our results with
THz are of the same order of magnitude as the enthalpy found
in the literature and conﬁrm the eﬃciency of this technique to
observe thermodynamic behavior during phase transition.
The value of ΔH0 obtained is in good agreement with the
ones observed in the literature issued from DSC measurements.
Therefore, despite the limited spectral range of analysis used
Figure 7. Crosses: experimental of α vs T at 0.8 THz for the P7k15
sample. Solid line: ﬁtting from the model (Supporting Information,
section 6.2).
here, reliable ΔH0 values were inferred from experimental
results. Hence, the study of the modiﬁcations induced on the
hydration shell during the dehydration process is suﬃcient to
have access to information concerning the whole water content.
In addition, the consistency of the extracted thermodynamic
parameters with the literature data also validates the values of
the proposed modiﬁcation of the hydration number Nh
estimated from the curves of Figures 5 and 6, that is ca. 3
water molecules in the case of P7k aqueous solutions with mass
fractions W up to 15 wt %.
5. CONCLUSION
We proposed methods to enable the observation of a highly
concentrated aqueous solution of PNIPAm and PVCL with
THz-TDS transmission measurement before and after the
demixing phase transition. In both cases, THz-TDS was able to
measure the absorption coeﬃcient of polymer in aqueous
solutions and their cloud point temperature. The deviation
from ideality, Δα, revealed to be diﬀerent depending on the
LCST type of the polymer, and gave information on its way to
expel water molecules during phase transition. In addition, the
comparison between samples showed that concentration had an
inﬂuence on the Δα value, and therefore on the hydration
dynamics as well, so it can be predicted and tuned from this
knowledge to develop new applications.
Estimated values of the hydration number were given for
PNIPAm, based on the assumption that the absorption
coeﬃcient of solvation water has a linear evolution with the
rise of temperature in the THz range. We observed that our
basic estimation predicts for each monomer to lose 3 molecules
of water during the phase transition. The rest of the water
molecules are either still linked to the polymer at T > Tc or
sheltered in the dense network formed by the highly
concentrated polymer. Besides, the modiﬁcation of the
absorption coeﬃcient evolution during the phase transition
was studied for both PNIPAm and PVCL. We studied the
inﬂuence of the chain length of the former. In the case of
PNIPAm, a methodology to predict the solvation water
spectrum was presented and the hydration number evolution
was given during the phase transition for temperatures higher
than the cloud point, while the polymer is hydrophobic.
A better understanding of the hydration dynamics would
require knowing with precision how many water molecules are
bound to the polymer molecules. Then, a study of the
hydration number evolution after several heating and cooling
processes would be possible in highly concentrated solutions,
and would give better insights to understand polymer dynamics
in biological environments such as gel-like biological
matrixes.31−35
Finally, we have shown that THz spectroscopy is an eﬃcient
technique to measure the LCST of polymer solutions.
Interestingly, it enables an accurate determination of such a
temperature from concentrated solution, whereas techniques
based on the scattering phenomenon could be hampered by the
aggregation−decantation process. With the development of
commercially available THz spectrometers, this technique can
become another routinely used one for such characterization,
bringing a diﬀerent perspective to the study of the complex
processes of LCST.
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27 ± 3 30.0 12 10 D2O 2015, Hou
15 e
47 31.0 44 0.05 H2O 1990, Otake
44 f
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45 g
77 31.8 1600 0.1 H2O 2005, Ding
45 h
aData treated with the r(T) method for ΔH (Supporting Information, section S6.2) and with the derivative of the interpolated curve for Tc (Figure
S6). bΔH is the average of ﬁve values, and Tc is extrapolated at a heating rate of 0 °C·min−1 (Supporting Information, section 4.2). cDSC
measurements during a heating rate of 1 °C·min−1. dDSC measurements for ΔH (average of six values) and extrapolated Tc at 0 °C·min−1. eFrom
both Van’t Hoﬀ plots and our numerical modeling r(T) applied on IR results (Supporting Information, section 6). fDSC measurements during a
heating rate of +1 °C·min−1. gUltrasensitive DSC (US-DSC) measurements of cooling cycles, then extrapolated values at 0 °C·min−1 for ΔH and Tc.
hUS-DSC measurements of heating cycles, then extrapolated values at 0 °C·min−1 for ΔH and Tc.
Notes
The authors declare no competing ﬁnancial interest.
■ ACKNOWLEDGMENTS
This work was funded by the “Reǵion Midi-Pyreńeés” (V.G.,
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